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Models of Radar Imaging of the Ocean 
Surface Waves 
CHARLES ELACHI, MEMBER, IEEE, AND WALTER E. BROWN, JR. 
Abstract-A number of models which would explain ocean wave 
imagery taken with a synthetic aperture imaging radar are analyzed 
analytically and numerically. Actual radar imagery is used to support 
some conclusions. The models considered correspond to three sources 
of radar backscatter cross section modulation:.tilt modulation, roughness 
variation, and the wave orbital velocity. The effect of the temporal 
changes of the surface structure, parametric interactions, and the result-
ing distortions are discussed. 
I. INTRODUCTION 
EXPERIMENTAL observations undertaken with the Jet Propulsion Laboratory's L-band and VHF air-
borne imaging radars [1]-[4] and the Naval Research 
Laboratory's L-band imaging radar [5], [6] have demon-
strated that ocean surface waves and patterns can be 
imaged using a synthetic aperture radar. Radar imagery of 
a wide range of ocean surface patterns have been obtained 
and in some cases confirmed by optical photography or 
ground truth [3], [ 4]. Specifically ocean swells, oil slicks, 
wind slicks, currents, internal waves, eddies, and ship 
wakes have been imaged under a variety of conditions. 
The physics of radar wave scattering from the ocean 
surface is generally known as related to radar scatterometry. 
However in radar imaging, two new major factors have to 
be accounted for: 1) the high resolution capability of the 
imaging radar (a few meters to a few tens of meters), and 
2) the use of coherent Doppler information to generate the 
image. The impact and importance of these two factors on 
the formation of ocean surface imagery is still not well 
understood, and a number of concepts have been proposed 
to explain how a radar image of the ocean surface is 
generated. 
The radar image is a two-dimensional presentation of the 
variation of the local coherent backscatter cross section of 
the surface. In the case of the ocean, three sources of cross 
section modulation seem to play an important role: change 
of the local tilt angle, variation of the surface roughness, 
and the waves' orbital velocity. The last type of modulation 
affects the backscatter cross section indirectly because of the 
way an imaging radar generates a high resolution image. 
In this paper we will discuss in detail these three types of 
modulation and evaluate their effect using analytical and 
numerical models. We also present experimental data that 
supports or in some cases contradicts one or more of the 
above theories. 
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The field of radar imagery of the ocean is a new field of 
research and much work is still needed to fully understand 
the content of the radar image. The objective of this paper 
is to make a first step in this direction, and to review dif-
ferent ideas proposed by scientists interested in this field, 
not to present final proven theories. 
The principle of imaging radar will be discussed in this 
paper only as related to the theories considered. A detailed 
review of imaging radars can be found in many books 
[7]-[9]. In Fig. 1 we show the geometry for the imagery 
that will be presented in this paper. This imagery was taken 
with the JPL 25-cm imaging radar in the HH polarization 
mode, i.e., the transmitted and received electric vectors are 
perpendicular to the plane of incidence. 
II. THEORIES AND PRINCIPLE OF RADAR IMAGING OF 
OCEAN WAVES 
Radar wave scattering from the ocean surface has been 
studied both theoretically and experimentally for many 
years [10]-[15]. The scattering properties can be explained 
using a composite model where specular scattering (i.e., 
geometric optics) is dominant near nadir at incidence angles 
less than 15°, and Bragg type scattering is dominant at 
larger incidence angles. The Bragg scattering is basically a 
resonant reflection from surface waves of wave number 
Ki = 2k sin 8, where k = 2nj}. is the radar wave number, 
}. is the radar wavelength and e is the incidence angle. The 
most recent Bragg scattering theories also account for the 
local tilt of the surface [16]-[19]. Thus the backscatter 
cross section is an integral that includes the contribution of 
all possible slopes from water waves and swells that are 
present during observation. In the case of a fully developed 
sea with no swells, the integration is usually carried over the 
wave numbers K 2 < K < K1 , where K 2 = gU- 2 , U is the 
mean wind velocity, and g is the gravity acceleration. This 
integration is valid because the resolution element in usual 
scattering experiments is large relative to most of the ocean 
waves. 
However, this is not the case in imaging radar experi-
ments where typical resolutions are about 10 to 30 m, 
which is less than the wavelength of many wind driven waves 
and basically all swells. Thus in deriving the properties of 
the radar image, the ocean spectrum can be divided into 
three regions (Fig. 2). 
1) K = Ki = 2k sin 8. This is the resonant region that 
generates the backscattered wave. For most i.magin~ ;a~ars 
presently available }. :::;; 2 m, thus K ;;:;:; 6 sm 8 m , i.~., 
A = 2n/K ;$ 4/sin 8 m. This is basically the short gravity 
waves region. It should be mentioned that for high fre-
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Fig. 1. Geometry of radar imagery. (a) Actual flight geometry. (b) Geometry of radar image. Bright line in image 
corresponds to nadir specular return, and therefore it corresponds to line of flight. As radar measures time delay in 
range, image is usually distorted, i.e., linear features are bent near nadir. However, this distortion can be easily 
corrected by standard digital techniques. 
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Fig. 2. Sketch of ocean wave spectrum showing three regions of 
importance for imaging radar. Bragg scattering results from waves 
where K = 2k sin a. Waves in region 2 are smaller than radar 
resolution, thus each image pixel is average over these waves: Waves 
in region 3 are large enough to be imaged individually. r is radar 
resolution. 
quency radars (A. of the order of 1 cm) the Bragg scattering 
results mainly from the capi1Iary waves. 
2) 2n/2r < K < oo, where ris the radar image resolution. 
The waves in this region cannot be individually seen, thus 
each resolution element in the radar image corresponds to 
the composite backscatter cross section, which accounts for 
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Fig. 3. Different models for formation of radar image of ocean waves. 
Basic backscatter is assumed to be of Bragg type. (a) Tilt modulation 
which leads to modulation of actual incidence angle and backscatter 
cross section. (b) Roughness modulation which leads to modulation 
of backscatter cross section. (c) Orbital velocity which leads to 
periodic Doppler shift and, in turn, periodic displacement, and 
defocusing of surface units. (d) Parametric effects which lead to 
periodic frequency shift and defocusing. In actuality, all these effects 
might be contributing at the same time to image formation. Scales 
in figures are exaggerated for illustration. 
the contribution of all possible slopes of the water waves 
in this region of the spectrum. For a radar image resolution 
of 25 m, this spectral region covers all waves of wavelength 
up to A !:':! 50 m. The factor 2 is included because at least 
two properly located pixels are needed to discriminate a 
change in the image brightness. 
3) K < 2n/2r. All waves in this region have a wavelength 
larger than two resolution elements, therefore each ocean 
wave could be individuaUy imaged as such. This covers all 
swells and wind waves where the local wind is relatively 
large (i.e., about 18 knots or more for r = 25 m). 
The radar image is a two-dimensional representation of 
the surface backscatter cross section. Thus a long wave 
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Fig. 4. Principle of synthetic aperture imaging radar. (a) Range 
geometry. Plane of figure is perpendicular to flight line. Scattered 
echo at successive time corresponds to different sections of surface 
or range bins. (b) Azimuth plane or along flight line. Signal history 
(i.e., real part of signal) from point P changes as shown in sketch in 
bottom. Phase <I>(t) = 4nD(t)/J.. This signal curve characterizes 
point P. Neighboring resolution element will have similar but dis-
placed signal history. Thus simultaneous processing of range in-
formation (time delay) and azimuth information (phase history) 
would allow positioning of P in two dimensions. Strength of cor-
responding echo would then give brightness of image at that point. 
could be imaged if it is capable of modulating the back-
scatter cross section. This leads us to the first two theories 
that might explain the radar imagery: 1) the surface slope 
modulation of a homogeneously rough surface, and 2) the 
surface roughness modulation. Each theory is based on 
one of the two surface parameters that affect the Bragg 
scattering: the local incidence angle, and the magnitude 
of the surface perturbation. (See Fig. 3.) 
Ifwe consider a number ofresolution elements across one 
period of a long wave, it is easy to see that usually the 
normal to the surface at each resolution element forms a 
different angle relative to any line of sight, i.e., a different 
local incidence angle (Fig. 3(a)). The modulation of the 
incidence angle is maximum when the waves propagate 
perpendicular to the flight line of the radar platform, and 
is minimum when the wave propagates parallel to it. Thus 
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for this theory, the capability of the radar to image ocean 
waves is very much dependent on the angle between the 
wave propagation vector and the flight line. (The resulting 
modulation of the backscatter cross section is derived in 
Section III.) 
It has been demonstrated theoretically and experimentally 
that the small scale roughness is not necessarily homo-
geneous across a water wave [20]-[24]. Surface straining, 
local wind, wave breaking, nonlinear coupling, and other 
effects could lead to a variation of the population of the 
short gravity waves across a long wave period, which leads 
to a modulation of the backscatter cross section (Fig. 3(b)). 
This model is discussed in Section IV. 
The third theory which seems also to have some popularity 
is based on the effect of the orbital velocity of long waves. 
Before we further discuss this concept, we must explain 
how the high resolution radar image is generated. In Fig. 4 
we show in a simple way the principle of an imaging radar. 
A short pulse is transmitted toward the surface. The spread 
out echo is received. Each part of the echo corresponds to 
a different range bin. Thus the surface can be divided in 
range bins where each corresponds to a different time delay. 
Very high resolution can be obtained by having a very short 
pulse. In the azimuth direction, high resolution is a result 
of the coherency of the system. Each received echo is·mixed 
with the coherent onboard local oscillator such that the 
phase history of the echo can be deduced. To illustrate, let 
us consider a resolution element P on the surface. As the 
platform flies by it, the real part of the echo follows a 
specific pattern (Fig. 4) that characterizes that specific 
resolution element. The echo is recorded (usually on film 
and sometimes on tape) and later compressed to generate. 
a point or a pixel in the image that corresponds to that 
specific resolution element. The echo phase history is a 
function of the velocity of the platform, and is equal to 
(Fig. 4) 
<I>(t) = 4n D(t) = 4n (R 2 + v2 t 2) 112 ~ 4nR + 2rrv2 t 2 (l) 
A. A. A. ),R 
where R is the normal distance from the flight line to the 
resolution element, v is the platform velocity, and t is the 
time. Usually the radar is pulsed, thus <I> gives the locus of 
the phase of the echo from pulse to pulse. 
If the resolution element is moving in the direction of the 
platform motion with a velocity VP « v, then (1) becomes 
Thus if there is a modulation if the velocity V, <I>(t) will be 
modulated, leading to a bunching effect that would generate 
the image even if the surface has a uniform scatterers 
distribution. This model will be discussed in more detail in 
Section VIII. The effect of the temporal change of the sur-
face structure and its motion are left to Section VI, and 
parametric interaction effects are discussed in Section VII. 
The different models discussed are sketched in Fig. 3. 
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III. TILT MODULATION MODEL 
Let us consider a slightly rough patch of the ocean that 
is characterized by its energy spectrum W(Kx,Ky) and the 
local tilt angles I/I and o, where ifl is the tilt angle in, and o 
is the tilt angle perpendicular to the plane of incidence. 
The first-order normalized radar backscatter cross section 
of this patch is [17], [19] 
<T(OJ = 4nk41al W (2k sin (0 - ifr),2k cos (0 l/i) sin c5) (3) 
where 01 is the local incidence angle, () is the angle at the 
radar platform between the vertical and the line of observa-
tion, and 
IX = cot4 
01 
for HH polarization 
{
[sin2 (0 + l/l)(cos2 o)T1 + (sin2 o)T 2]2, 
[sin2 (0 + l/J)(cos2 o)T2 + (sin2 o)T1J\ 
for VY polarization 
8 - 1 T1 = =-~~~~~-::~-:-:-::= 
+ (8 -
'T" _ (8 - 1)[8(1 + sin2 Oi) - sin2 Oi] 
.tz - [s cos O; + (e - sin2 Oi)112]2 
cos 01 = cos 0 cos (0 - !/I) 
where e is the dielectric constant of the surface. 
The tilt angles o and ifi can be written as 
0 = 01 + ()2 
"' = l/11 + l/12 
(4) 
(5) 
where a1 and !/11 are the resulting tilts from all waves of 
wavelengths less than twice the resolution of the radar, 
i.e., waves that cannot be discriminated, and ()2 , t/f 2 are the . 
resulting tilts from the larger waves. Thus in computing the 
backscatter from a resolution element, i.e., brightness of 
one image pixel, we have to integrate over all possible 
values of fJ 1 and lfi 1 • This gives 
+co 
<T(O,t/12.02) = J J a(O;)p(tan d1 , tan l/11) d(tan <5 1) d(tan 1/1 1) 
-co 
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spectrum that is isotropic for short waves (centimeter scale), 
and a cos2 y/2 directional spectrum for medium size waves 
(meter scale). Thus in evaluating (7) we assume 
W(K,y) (8) 
where p :::::: 8 x 10- 3, v ~ 0.74, Kc = g/U2 , and y is the 
direction. However, for the expression of W in (3), we took 
(9) 
where K 2 = K/ + Ky 2• The reason we dropped the 
exponential is that for practically all imaging radars the 
Bragg resonance wavevector K1 is » Kc except in very light 
wind. For instance for )~ 25 cm and 0 = 30°, then 
K1 = 25 m - i. An equal Kc would correspond to approx-
imately a 1.2 knot wind. 
From (8) we can now derive the momenta mpq: 
mpq = I I W(Kx,Ky)K/K/1 dKx dK,, 
region 2 
= W(y,K)K p+q+ 1 cosP y sinq y dy dK. f 2" f,2ksinO 0 :rfr 
(10) 
We observe that m02 = m20 and m11 = 0. Then 
1 
{ tan
2 61 + tan2 l/1 1 } exp - 2 • 2m 
(11) 
Where m2 = m0l. It should be mentioned that the same 
values of mpq also apply for a nondirectional spectrum or 
confused sea, and the probability distribution is then 
similar to the one used by Valenzuela et al. [19]. 
Using (3), (7), and (11) we can now determine cr(01,t/12 ,(;2). 
In our calculations we assumed e = 73 - 85i, which is 
valid for L-band [27]. For our purpose we are mainly 
interested in the sensitivity of a(()) to the changes in t/12 and 
d2 • Thus in Fig. 5 we plotted u(O) for the HH and VV 
(6) polarizations as a function of() for different values of S, 
m, and <fl where where p(tan <>1• tan l/t1) is the probability density of slopes 
for water waves that are smaller than twice the radar 
resolution. Cox and Munk [25] found the slopes in the 
sea to be approximately Gaussian, thus [26] 
1 p(tan /J1, tan l/t1) =~exp 2n.tl 
{- mo2 tan2 l/t1 - 2m 11 ta~~ 1 tan i/11 + m20 tan2 () 1 } 
.6. = mo2m20 - m11 2 
(7) 
where mpq is the (p,q )th moment of the surface elevation 
energy spectrum. 
Many spectra were proposed to describe the ocean surface. 
However, for the purpose of illustration and numerical 
calculation we used a Pierson-Moskowitz wavevector 
tan </> tan 02/tan i/12 • (12) 
In Figs. 5(a)-5(d), the continuous line corresponds to the 
backscatter cross section in the absence of long waves. The 
dashed lines show the limits of the change in the back-
scatter cross section from one side to the other of a wave 
with a slope equal to 0.1 propagating perpen·dicularly to the 
line of flight (i.e., </> = 90°). The dotted line corresponds to 
¢ = 45°. For </> = 0° the modulation is practically 
negligible. It can be clearly seen that there is an appreciable 
modulation of the HH backscatter at almost aU look angles. 
To illustrate, for e 20°, m = 0.05, and </> := 90°, the 
modulation is equal to 13 dB, i.e., the slope toward t4,e 
radar is 13 dB brighter than the slope away from the radar. 
For </> = 45° the modulation is equal to 7 dB. The modula-
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Fig. 5. (a) Plot showing dependence of backscattering cross section on look angle ()for m = 0.05 and HH polarization 
Continuous line corresponds to case where ,P = 0° or S = 0. Dotted lines give upper and lower modulation limits 
from one side of swell to other where S = ±0.1 and ,P = 45°. Dashed line corresponds to ,P = 90°. (b) Corresponds 
tom = 0.1. (c) and (d) correspond to VY polarization. (e) and (f) show backscatter modulation Au as function of S 
and ,P for fixed values of (} and m. 
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Fig. 6. Radar imagery of ocean waves taken from three different directions as shown in sketch in lower right side. 
Radar image corresponds to 10 km swath to right of flight line. <I> is angle between flight line and ocean wave vector. 
Ocean waves had wavelength of 110 m and significant wave height of 6 mas measured by surface buoy. Surface wind 
was 40 knots from northwest. 
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Fig. 7. Radar imagery of ocean swells taken from two different 
directions over station ship Papa in Gulf of Alaska. Swells had 
wavelength of 360 m and significant wave height of 8 m as measured 
by ship. Lower right comer graph is sketch of wave spectrum as 
measured by ship; In lower left corner is sketch of flight line. Also 
shown are 2-D Fourier transforms of image's intensity. 
tion increases with m. In Figs. S(e) and S(f) we show the 
modulation AG' as a function of the slope S for a fixed 
value of m. 
A very important conclusion is that the VV backscatter 
is not as strongly modulated as the HH except at near 
vertical angles. It should be mentioned that Valenzuela 
et al. [19] did conclude in their study of radar scatterometry 
data that the RMS surface slope has less effect on the VV 
polarization backscatter. All imagery shown in this paper 
were taken at HH polarization. 
From the above results we can conclude that the tilt 
modulation would provide enough change in the back-
scatter to allow the radar to image the surface. If this model 
is true then we would conclude that the radar will not 
image a wave propagating parallel to the line of flight. In 
Fig. 6 we show radar imagery taken of a fully developed 
sea where the local wind was about 40 knots, the significant 
wave height was about 6 m and the wave wavelength 110 m. 
The three figures correspond to ¢ = 0°, 45°, and 90° over 
exactly the same area. It is observed that at ¢ = 0° the 
waves were less visible than for ¢ = 90° which agrees with 
the tilt modulation model. 
However, in Fig. 7, we show imagery taken with the same 
radar system over a different area where the local wind was 
about 8 knots, significant wave height was about 8 m, and 
the swell wavelength 360 m. The waves were clearly imaged 
for¢ = 0° and 90°. Thus it seems that the tilt modulation 
model cannot explain the imagery in all cases. As a matter of 
fact, in most cases we obtained imagery of .waves irrelevant 
of their direction relative to the flight line. 
IV. ROUGHNESS MODULATION MODEL 
Straining of small waves by the horizontal component of 
the orbital motion of larger waves is a well-known phenom-
90 
ena [20], [21]. This results in the ripples being shortened 
and steepened on the forward face of the large wave, and 
spread out and flattened on the backward face of the large 
wave. This leads to modulation of the surface roughness. 
by the large wave. Other phenomena, such as wind-wave 
and wave-wave interaction, will also contribute to such a 
modulation. This modulation has been measured in a wave 
tank [22]-[24], however, there is no well developed theory 
that accounts for all the modulation factors in the case of 
open ocean waves. Thus in this section we will use an 
empirical approach. 
A change in the surface roughness basically leads to a 
change of fl and m, which would result in a change in u. It 
could also result in a change of the power dependence of the 
spectrum, i.e., W(K) ,...., 1/Kw with v' t= 4 but close to it. 
ToillustrateletustakethecasewhereP = 210- 2,m = 0.1, 
and fJ = 25. The corresponding uHH is - 6 dB. If we take 
P = 0.510- 2 , then m = 0.05 and uHH would decrease by 
8 dB to -14 dB. The change is similar for uvv. Thus it 
seems that we could obtain appreciable modulation as a 
result of the change in roughness. However, we do not 
know how much fl will change in the real world. 
It should be pointed out that if we assume that the small 
size waves that generate the scattered radar waves are not 
very directional, the modulation in the backscatter would 
have only a limited dependence on the direction of the wave 
relative to the line of flight. This model would then explain 
the imagery in Fig. 7. It should also be mentioned that 
in this model, both VV and HH polarization would provide 
enough backscatter modulation to generate an image. 
In actuality, the modulation of the ocean surface back-
scatter cross section is most probably a composite of tilt 
and roughness modulation. These two factors could add up 
to increase, or subtract to decrease the modulation of the 
backscatter depending on the geometry. If the geometry is 
such that the slope of higher roughness is tilted toward the 
radar, then the composite modulation would be higher. 
The reverse would be true if the slope of higher roughness is 
tilted away from the radar. 
The relative importance of the two types of modulation 
most probably depends on the local conditions. In the last 
five years we conducted more than a dozen flights in different 
locations and at different times. In most observations of the 
surface waves the image quality was not dependent on <f>. 
The one difference in the local condition ·over the area, 
where the data of Fig. 6 was taken relative to all other data 
we have, was the strong local wind. Thus we think that 
under such conditions, the surface roughness could have 
become homogeneous across the large wave thus eliminating 
the contribution of the roughness modulation. 
VI. EFFECT OF THE WA VE MOTION AND 
TEMPORAL CHANGES 
It would seem that the somewhat random motion of the 
ocean surface would hinder the formation of a synthetic 
aperture. However, as we mentioned before, many coherent 
imaging radars did obtain imagery of the ocean waves and 
ocean currents. It is still not very clear what the effect is 
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Fig. 8. Geometry which corresponds to case of moving target P. 
of the surface motion and temporal change on the formation 
of the radar image. However, in this section, we will attempt 
to given an explanation of this effect. We will first derive 
the effect of the motion ofa point target (i.e., one resolution 
element), then we will discuss the effect of the motion of a 
wave train. Finally we consider the temporal change of the 
surface structure in each resolution element and its effect 
on the imagery. 
Let us consider the geometry shown in Fig. 8. V is the 
velocity of the point target P (i.e., one surface resolution 
element), and v is the velocity of the platform. The time 
origin t = 0 corresponds to the time when P is viewed with 
a 90° angle. By simple algebraic calculation we can derive 
that the distance D(t) is given by 
D2(t) = h2 + (1 - a)d2 + (1 + b)v2(t + i')2 (13) 
where 
a = V2 sin2 <P ,...., (V sin <P) 2 
V 2 + v2 - 2v V cos tf> - v 
b = y2 - 2vV cos¢ ,...., -2V cos <f>/v 
v2 -
Vdsin <P Vd . ,i.. 
T~ "'-S1ll'I' 
V 2 + v2 - 2v V cos <P - v 2 • 
We assume V « v. In the case of a stationary target 
(V = 0), then a = b = T = 0. Thus the first order effects 
of the motion are 
1) to displace the image in they direction by the amount 
a 1 (V sin ¢) 2 Ay = Ad = - - d = - - d 2 2 v (14) 
2) to displace the image in the x direction by the amount 
Ax= -VT= -!'.:dsin </> (15) 
v 
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Fig. 10. Wave position at two successive times f1 and lz. Resolution 
element i of constant backscatter cross section moves in same 
direction as wave (to position b) even though particles themselves 
follow orbital velocity (to position a). From radar point of view, 
surface element is characterized by backscatter cross section and 
not by particles which form it. 
3) to change the apparent velocity of the platform by 
Av b V 
= - - cos ef>. (16) 
v 2 v 
This has a direct effect on the focusing during the processing 
of the synthetic aperture data. To illustrate, let us take 
V = 12.5 m/s, v = 250 m/s, and d = 5000 m, which 
correspond to typical experimental values; then: 
IL\yl e;,: 6 sin2 </> in meters 
Ax= 250 sin</> in meters 
l~vl e;,: cos ef>/20. 
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Thus the only appreciable error is the displacement L'.lx 
along the line of flight which is maximum when if>= 90°. 
The second step is to consider the effect of the wave 
motion. To evaluate this effect let us describe how the 
radar image is generated in azimuth. This is particularly 
important because the radar uses the Doppler information 
to generate the synthetic aperture. If a point target P is 
assumed fixed, then the corresponding history of the real 
part of the signal (i.e., "-'COS <I>(t) = cos (4nD(t)/A.) is shown 
in Fig. 9(a). The history of the real part of the signal is in 
actuality a succession of points because the radar is pulsed 
and each point corresponds to one pulse. Thus, the signal 
history is a pulse to pulse change of the real part of the 
signal. This signal history is recorded and then compressed 
to generate one peak (i.e., one point or pixel). 
Now let us assume two neighboring resolution elements 
of different backscatter cross section. The composite signal 
history will consist of the history of the real part of the 
vectorial sum of two echoes (Fig. 9(b)) which have different 
amplitudes and are displaced in time relative to each other. 
After compression we get two neighboring peaks of ampli-
tudes proportional to the backscatter of the corresponding 
resolution element. It is important to mention that usually 
the synthetic aperture is formed over a period of the order 
of one second. 
Now let us consider an ocean wave at time t = t 1 • The 
wave surface can be divided in resolution elements i each 
one of them characterized by a backscatter cross section 
Ci;(t1). A short time later, at t = t2 (Fig. 10) the wave has 
a new position. The instantaneous motion of the water 
particles is the well known orbital motion. However, the 
area of constant backscatter cross section (i.e., constant 
slope and statistically constant roughness) is now in the 
position shown in Fig. 10, i.e., it moved parallel to the 
wave motion. The fact that the water particles in the resolu-
tion element i at time t 2 are not the same as at time t 1 is 
irrelevant as long as the backscatter cross section is still the 
same. Thus during the time the image is formed, which is 
of the order of I s, the surface appears to have moved with 
the phase velocity of the wave. This is true for both the 
tilt modulation and roughness modulation. So the net 
result is a displacement of the whole image along the line 
of flight (from (15)). It is important to mention that this 
displacement is maximum when <P = 0, i.e., the waves 
move perpendicularly to the line of flight. However, such a 
displacement along the crest line is completely indistin-
guishable, except in the case where fixed boundaries are 
present. Thus the maximum visible distortion (i.e., displace-
ment) occurs for waves at about 45° from the flight line. 
Another phenomenon which also leads to image displace-
ment is the parametric interaction of the radar wave with the 
ocean wave which scatters it. This is discussed in detail in the 
next section. 
Finally, let us consider the effect of temporal changes 
other than the average motion in one resolution element. 
Each resolution element can be considered a linear super-
position of an infinite number of waves of a wavelength up 
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Fig. 11. (a) Typical signal history for aircraft.imaging radar. (b) Effect 
of high frequency small magnitude perturbation. (c) Effect of low 
frequency large perturbation. 
to twice the resolution r. The main question is how does the 
change in the surface affect the phase of the resultant back 
scattered wave. An exact solution of this problem is very 
complicated, thus we will use a simplified model combined 
with a numerical example to illustrate the magnitude of this 
effect. 
Let us consider a }. = 25 cm imaging radar mounted on 
an aircraft flying at a velocity v = 250 m/s and at an altitude 
h = 10 000 m. These numbers are typical for the imagery 
shown in this paper. To achieve a resolution r = 25 m, the 
length L of the synthetic aperture must be L = A.h/r • 100 m . 
which requires a time T = L/v = 0.4 s to be generated. The 
corresponding real signal history is shown in Fig. ll(a). The 
main question is how much phase change is induced as a 
result of the temporal change in the surface topography. 
Waves of periods less than 0.4 shave a wavelength less than 
25 cm and their wave height is probably less than a few 
centimeters, which is small relative to the radar wavelength. 
Thus their effect is to add a high frequency small fluctuation 
to the signal history (Fig. ll(b)). These perturbations will 
average out during compression resulting, at worst, in a 
slight degradation in the resolution. Waves of periods 
larger than a few seconds might have a height equal to or 
larger than the radar wavelength; however, they add only a 
low frequency perturbation (Fig. ll(c)) which results in a 
displacement of the image as mentioned previously. Thus 
it seems that the temporal changes do not destroy the 
coherency of the synthetic aperture as long as extremely 
high resolutions are not required. A numerical analysis of 
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the effect ofrandom phase on the generation of the synthetic 
aperture also gave the same conclusion [28]. 
VII. PARAMETRIC INTERACTION EFFECTS 
As mentioned previously the radar waves scatter mainly 
from the ocean waves which satisfy the Bragg condition, 
i.e., wave vector matching. The resulting condition is the 
well-known Bragg condition 
), = 2A sin() (17) 
where A. is the radar wavelength and A the ocean wave 
wavelength. Due to the fact that the ocean wave is moving 
and has an angular frequency n, a second condition, the 
frequency matching condition, is required, i.e., the back-
scattered wave frequency is equal to the incident wave 
frequency minus the ocean wave frequency: 
W 8 = CO; - Q (18) 
where ro. and ro, are, respectively, the angular frequencies 
of the scattered and incident radar wave. The above two 
conditions are the well-known parametric interactions con-
ditions. In scatterometry experiments, the second condition 
is oflittle importance because Q « roi. However in over-the-
horizon radars, the frequency matching condition is 
critical [11] because the echo is mixed with a stable local 
oscillator to measure the frequency shift induced by the 
motion of the ocean wave. In the case of imaging radar, the 
echo is also mixed with the local oscillator. Thus a term 
-Qt has to be added to (2). This would lead to an image 
displacement Ax' equal to 
Ax'= h ). 
v2T 
(19) 
where T is the wave period. If the radar scattering is mainly 
from short gravity waves, then 
A= gT2/2n (20) 
and 
Ax' = - (;) (}..g sin 0/4n) 112 • (21) 
To illustrate, if), = 0.25 m, () = 30°, and h/v = 40 s, then 
A = 0.25 m and Ax' ~ 13 m. It should be emphasized that 
this displacement is along the flight line and is independent 
of the relative direction of the waves. 
The displacement Ax' decreases with A., however below a 
certain value, the scattering will result mainly from capillary 
waves and (18) is not valid any more. As a matter of fact 
A/T2 will increase drastically leading to a fast increase of 
Ax' for imaging radars operating in bands higher than the 
X-band. 
It should be mentioned that the parametric effect has been 
considered as a possible reason for the formation of radar 
ocean waves imagery. Due to the change in the local tilt, 
the frequency shift Q is different for the echoes coming from 
a different part of a wave. This would result in a modulated 
mismatching with the local oscillator, which would result 
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in a modulated image. However, calculations by Evans and 
Elachi [29], showed that this effect is negligible. 
VIII. EFFECT OF THE ORBITAL VELOCITY 
Another model that was suggested to explain the radar 
imagery of ocean waves is based on the effect of the orbital 
velocity on the formation of the radar image [6], [30]. It 
basically states that the scattered signal from a resolution 
element i is Doppler shifted by the orbital velocity C at that 
point. To illustrate, let us assume a large angle of incidence. 
In this case, only the horizontal component of the orbital 
velocity has to be accounted for. Thus point P will be 
displaced along the line offlight by a value (see (15)) 
Ax = d sin </JC(x)/v (22) 
where 
C(x) = C0 sin (Kx cos¢) (23) 
with adequate choice of the origin. So the position of point 
P in the image is 
x' = x + Ax = x + dCo sin ¢ sin (Kx cos ¢). (14) 
v 
If we assume the surface has a linear density of scatterers 
p(x) (i.e., backscatter cross section is ,..,, p(x) dx), then the 
brightness density in the image plane p(x') is related to 
p(x) by 
p(x')ldx'I = p(x)ldxl (25) 
which implies 
p(x') = p(x) I dx I 
dx' 
p(x) (26) j1 + K~Co cos¢ sin¢ cos (Kx cos ¢)1 
and the average brightness over a resolution element in the 
radar image at point Xis proportional to 
I(X) = p(x') dx = p · (27) I
X+r IX+r (x) dx 
x x 11 + M cos (K'x)I 
where 
M KdC0 • 2,1,. red . ,i.. = -- sm 'I' = - S sm 2'1' 
2v vT 
K' = K cos¢ 
S = slope of the wave 
T = period of the wave. 
The factor M can be considered as a modulation factor. 
Thus even if p(x) = p = constant, the image intensity is 
modulated by the effect of bunching of the scatterers as a 
result of the velocity modulation. The image modulation 
vanishes for ¢ = 0° and 90° and is maximum for ¢ = 45°. 
To illustrate the effect of the value of M for sufficiently 
small r, let us consider the function 
1 
/(CJ= 11 + Mcos ~I (28) 
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Fig. 12. Plot of/(<;) for different values of M. 
In Fig. 12 we plotted the value of/(~) for different values of 
M. This shows that for all values of M, the image is modu-
lated with a period equal to A/cos ¢; however the modula-
tion is not sinusoidal. It can be easily seen that the quan-
titative interpretation of the image becomes complicated. 
It also implies that waves where </> = 0° and 90° cannot be 
imaged at large incidence angles. However, most probably 
all the previously discussed effects are present simul-
taneously, and their relative importance is dependent on 
the local conditions. 
IX. CONCLUSION 
As we mentioned in the introduction, the field of imaging 
radar oceanography is a new field of study and more 
experimental and theoretical work is still needed to achieve 
a full understanding of the radar image. In this paper, we 
discussed a number of models that seem most promising 
and popular, and presented some numerical and experi-
mental data for or against their support. A fortunate result 
is that each one of the models discussed in this paper gives a 
modulation which has a different dependence on the angle 
<P between the line of flight and the wave direction as 
sketched in Fig. 13. Thus a series of experimental flights 
over different sea states where, during each flight, imagery 
is taken at different values- of </>, would allow us to deter-
mine the importance or the validity of the different models. 
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Three-Dimensional Vector Modeling and 
Restoration of Flat Finite Wave Tank 
Radiometric Measurements 
WILLIAM M. TRUMAN, STUDENT MEMBER, IEEE, CONSTANTINE A. BALANIS, SENIOR MEMBER, IEEE, 
AND JOHN J. HOLMES, STUDENT MEMBER, IEEE 
Abstract-Tu this paper, a three-dimensional Fourier transform in-
version method describing the interaction between water surface emitted 
radiation from a fiat finite wave tank and antenna radiation charac-
teristics is reported. The transform technique represents the scanning 
of the antenna mathematically as a correlation. Computation time is 
reduced by using the efficient and economical fast Fourier transform 
algorithm. To verify the inversion method, computations have been made 
and compared with known data and other available results. The technique 
has been used to restore data of the finite wave tank system and other 
available antenna temperature measurements made at the Cape Cod 
Canal. The restored brightness temperatures serve as better representa-
tions of the emitted radiation than the measured antenna temperatures. 
I. INTRODUCTION 
TO MAKE precise measurements of the radiometric brightness temperature of a target (and thereby infer 
certain physical parameters}, one must be able to math-
ematically model the interaction between the electro-
magnetic radiation properties of the antenna and the 
incident radiation from the environment. This interaction 
can be described by Fredholm integral equations of the 
first kind which are extremely unstable. This instability has 
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been studied in considerable detail by investigators in many 
fields. Twomey [1] and Phillips [2] have devised matrix 
filtering techniques to stabilize the solution. Although these 
matrix methods are not without merit, Bracewell and 
Roberts [3] have demonstrated the value of a successive 
substitution solution. Assuming that the intensity of the 
emitted radiation of the environment can be represented in 
scalar form, they have shown that the antenna is only 
capable of responding to frequency components below a 
cutoff determined by the antenna aperture. The high 
frequency components of the emission function are invisible 
to the antenna. The low frequency components are accepted 
but their relative magnitude is altered according to the 
system (antenna} filtering characteristics. Inversion through 
the method of successive restorations leads to the principal 
solution [3], in which frequency components accepted by 
the antenna have been restored to their original values, but 
the rejected components are not represented in the solution. 
The work done by Bracewell and Roberts was, however, 
more applicable to astronomical observations than to 
general microwave radiometric measurements. They as-
sumed that the antenna was very efficient and that the 
sidelobes and backlobes could be neglected, which is not 
always the case. They also used a scalar representation of 
the interaction between the antenna radiation character-
istics and the emission by the target. 
